uTnovoI Postgraduate School 
Annapolis, Md. 









Thi -.1 LYTi ;AL D&SZC5 vF a TUI0C-J1.T iH HCM Si .a^* 



A Thoals Bubal tted to tho Craeu&to Faculty 

of the 

Vnlveralty of Ulnnoaota 



by 

( n/ A , 



a/ 1 * 



James B. Verdin 



Zn Fartlal Fulfillment of the equlreaents 

for tho 

fc^ogroo of 

Kao tor of Science in eremitical wiglnoorin 



uguat 1949 



ft * V . 



Ml 

V 







« KMiidiil im/m •; 






AQKtfC* L^DGSEKTS 

I with to «xpr««« my thanks to Profeesore &• J. 
Robertson* I*. A* 11*11 1 T. &• iJurphy and J. 0, Afeerean for 
their advice end encouragement and to my wife, urlel, 
for her help In preparing the manuscript. 



i lio^ 



V3» 1 1 



Ta&LL wf SGKTA&T3 

Auction x'«£© 

I. SUmiaAKY . 1 

ix. i*m*i*5Tx*K . 4 

III. reJUttt* CF ISV&STIGaTIJ*. 4 

IV. INV^LVaa Hi TkX L~Si*f» a * 

cakutsTiui auttifi. & 

v. mjarttau cf m cl sick rcm 9 

VI. LLAlSil MGaaOLSi. mF'D (taLgHL»TXi*J 14 

taxi ana CiauMJter of Cccbvetlon Chamber ..... 14 

?&«1 Required.. ..... .. 15 

friwary Air Required... 15 

Volvo* Available for Cowboetlon.. 16 

Configuration of Bumtr Jacket. .... 17 

Lesljn of iTiaary Son*....... SO 

Leslgn of Secondary Sono.. .......... ....•••. S3 

Loovree.. S3 

Tall Cone Annulus.... 23 

Secondary 1-olcs. I 

Cheek or Air Flow 34 

Location of Colee. ~4 

VII. CALOULATI. 8 - F fir iG« - . 33 

friction Freeware ^rop. 3 

Lenten turn t reset re l4 

Total freeware vrop 45 

JoB&ueiion efficiency 



46 



■ilKj 

' ► w . 

• *- - ~,t, -» 

* ‘ ■ - - • • ! • * .J •> 

< * • *.-% 

vJ • 11 jj M • /* 

* J • * • • •*’*’'• * * * lir«. I 

^ • •• • ••« • • tt. cs ® 

w •». . i 



** ..#... ... » ..*»•« I » 1 - ,#« ~ ^ v * . 

Mtffinpm |HHNH«tM>4iW lit It Ml, 

*• W 






*«•••••««•« !•• f • • till. # 



TA&L& CF CUlT*fcTJ 



(Continue) 

r« t 0 ® 

VIU. CuHGU3Xvfc4 . 48 

Appendix 

A, GBSiaVATICa CF FLOn TC&X!tfi liQlJJ 

CF A TUF9C*JLT OOXSU*flC* CUA£Sc.H 60 

Stioa&ry 60 

Introduction. 60 

equipment. • , • • * SI 

Procedure. • 56 

He suits. . . 57 

Conclusion*. 63 

Jcarple Calculations. 64 

6. 4TX5CL45 .65 

C. MrtRSICC*-. 68 

&. siBLimmim t>& 

LIST CF T 

Table FfcfcC 

1. Design Fact or a for Coftbuctlon Chambers of 

Current Lodel Turbo-Jet -nglnee... ...... .... 10 

II. Flow Angle through Holes for Various Might 

Flows 



59 



^4 IX» 



.x. ■ 



»• .4 i- 4 ** 




i-i: rx. . , 

'Jl i S*» ' 



- 









••••»## ttl 



» « * ... 






*-•* • • . ♦ » #r 

*' ■ -4 > t4U tlak • 










» 



I* 1 %if» .1 



•4 



• • • • 






i w nig 



M ... 



j • 



~lv- 

Lizt cr Flours 

Figure ►*£# 

1 • if feet of Hole cuth Shape on fixing 8 

2. effect of Hoi* ;hapo on fixing ...... 8 

3. Coalition Loss V*. Combustion Intensity for 

Lues* 8*37 Chaxbtr . .... 12 

4. Sketch of Sumsr Basket, Domes, and Tall Cone 18 

8* Cutaway Diagram of Cestoustlon Chamber Chawing 

Flew of Mr.* 21 

0. Curve Used in Locating Primary and Ceeond&ry Holes 38 

7. Designed Combustion Chamber. . 37 

8* Photograph of Test Setup for Observing Lngle of 

Flow. 52 

9. another View of Test Setup for Observing ^n&la of 

Flow 03 

10* Close-up View of Sacks Generator. 84 

11, Close-up View of Test Box. 86 

1£. Flow Bngle throu£ih Holes for Various eight Flows CO 

13. Interior of Test Sex Showing .Angle of Bilk Tufts 

During Hun at 1.18 Lb/Be c. 81 

14. Interior of Test Box Showing An 1c of Sill: Tufte 

Baring Pom at 1.43 Lb/Sec. €2 

15. Interior of Test Bex Baring Bun in ifhich 8»sfc# 

Generator las Head. 83 




liu-wvu • inf W7 *0** . • 



* T?-<J 4#*. . 




•M •*» H •(*» *u— • «| *♦ Ttl( , 

>• j #» ... . ^*4 « , 






• •• M M#»M 



••••»»•»# 



• • • V 






1 



1 . sum*: t 

A *o an* type eoabuetlon chamber wait designed using 
all available proved concepts. A s array of existing de- 
signs was wads to arrive at a logical design point. Ths 
fact that parallel flow would exist within ths chamber was 
noted, and the burner was designed to obtain the required 
flow with an equal pressure drop across all ths parallel 
paths. The holes for introducing the air into the burner 
basket sere placed in such a wanner that ths total area In- 
to ths burner basket, plotted against distance downstream, 
fell on an arc of a circle. This wade the design follow 
ssversl proved concepts automatically. 

tlis performance was calculated and compared with ex- 
isting designs. Ths cospar 1 eon was quite favorable, with 
the exception of combustion efficiency. -I nee ths empir- 
ical equation for combustion efficiency was obtained from 
tests under slightly different conditions than the design 
point, doubt exists as to ths validity of the values ob- 
tained by its use. 
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XU XHTXEtfCTlCti 

Aany combustion charabers for turbo-jet engines have 
been built fcnd tested; however, they all fall Into on* of 
tiro classifications. Tbs cost ooamon typ* is the tube or 
"'can* combustion chamber. The other is the annular type. 

The "can* type of combustion chamber, as its nan* 
implies, is a metal cylinder or can with an inner liner or 
"basket* which separates the air into two parte. The early 
turbo-jet engines designed by Air Commodore t\ Whittle of 
Great Britain uaad "can* combust ton chambers of the ‘return 
flow* type. In this type of chamber, the air passes over 
the entire length of the eoefeu alien %ono before entering to 
be mixed with the fuel and burned. Thus the air is pre- 
heated by what would otherwise be waste heat. This advan- 
tage la more than overcome by the disadvantage of a high 
pressure loss. The more modem •can'* type combustion cham - 
bers are of the "straight through* variety, i.e.» there are 
no turns encountered within the chamber itself. 

The annular type of combustion chamber has the dis- 
tinct advantage of offering leas frontal area for a given 
capacity than a battery of "cans* of equal capacity. ihe 
annular combustion eh amber has the disadvantage of having 
to be tested in its entirety, while one "can* of a multi-can 
battery can be tested. ork is being done at r es ting house 
in testing a small segment of an annular chamber and using 
the results to predict the performance of the complete unit. 
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rtiultt have been published • hut tt Is expected that this 
Method of testing will prove satisfactory. 

Since the *ean* type com bust ion chamber is acre 
easily built and the testing procedures for the chamber are 
acre nearly standardised, it was decided to base the analyt- 
ical design on this type of combustion chamber. 
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"Gut and try" has been the set bod employs# In the 
peat la designing combustion chasbers for turbo-jet engine*. 
This 1* * long end costly process* and luck plays a consider- 
able pert in obtaining results, it it tbs purpose of this 
investigation to design « combustion cfcasber using analytical 
sstkcds, Proved concepts will b* used «hsre they era avail- 
able, It is hoped that this procedure will produce a satis- 
factory sfcasber with littls or no alteration necessary. 
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IV. FICBLcJ& I-’VwLV^D 

ih mi ciaiosi 

Or A (XWflTX«JI CliAUS-lt . 

f i’9 function of s turbo- jot combustion chamber is to 
hoot tho sir fro* the compressor to tit* tore t .eraturc required 
at tho on t ran o« to tho turbine. This temperature ie usually 
taken to ho 1500° f , this being tho maxlraua temperature at 
which present day turbine wheel* can operate. Sufficient 
fuel to achieve thio temperature gives a fuel-air ratio far 
too loan for satisfactory combustion. Therefore, the air i« 
divided into primary air and secondary air, the primary air 
being just sufficient to produce a stoichiometric fuel-air 
mixture with the required fuel and the secondary air being 
Introduced to cool the products of combustion before reach- 
ing the turbine. 

The primary air mu at bo introduced into tho combus- 
tion chamber with enough turbulence to insure good mixing 
with the fuel. This turbulence also speeds the burning end 

gives a stable flame. 

The secondary air must be brought in with enough 
large-scale turbulence to complete the burning end to mix 
thoroughly with the products of combustion. Any stratifica- 
tion due to incomplete mixing will result in layers of air 
at temperatures higher than the allowable reaching the tur- 
bine. Hot spots will be caused, and a failure of the -etal 
may occur. 

High turbulence end a long combustion chamber tend to 
give no re complete burnt, ; end better mixing of second jr*y 
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air ana combustion product*. Unfortunately , theme abarac- 
teriatiee ere net compatible with an efficient design. high 
turbulence produces high pressure losses through the combus- 
tlon chamber. fines compressor efficiencies and pressure 
ratios are critical, the additional pressure loss which re- 
sults fro* high turbulence must he avoided. Therefore, just 
enough turbulence to oor piste tbs nixing should he used. 
Anything in excess of this, while insurance against turbine 
hot spots, cuts down the combustion clumber efficiency. 

Since turbo-jet engines are used on airplanes, space 
and weight are at a prer.iu*. This precludes the use of an 
excessively long combustion chamber to complete the mixln • 
Lengths of thre# to four diameters are current practice. 

The rate at which the secondary air is mixed with 
the combustion products is of great Importance. Too ouch 
air introduced too soon may chill the flame front suffi- 
ciently to prevent tbs combustion reaction from acini to 
completion. This, of course, would reduce the ccmbtsstion 
efficiency. Reference 1 elates that the first secondary air 
should not be Introduced nearer than six to eight inches 
downstream from the fuel noaxle. 

Experiments conducted at tbs California Institute of 
Technology show that the shape of the bolee used to let the 
air through the inner liner has an effect on the presatire 
drop through these holes and also an effect on the mixin. of 
the air with the combustion products. Figures 1 and 2 show 
the effects of shape on mixing. * thin slot parallel to the 
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flow jlvia the boat nixing, a square or circular hole naxt 
boat, and a alot perpendicular to the flow the worat. 

Tb* square hola and the alot ara undesirable however, 
because high atraaa concentrations would be produced at th* 
a harp cornara. 

The round hola baa found almost universal acceptance. 
The uaa of a bail couth on thsss holes reduces the pressure 
drop serosa the holes by nearly thirty par cent without ef- 
fecting tha Mixing. 

These expe risen ts also showed that arranging tha 
holes in linaa with one hole directly downstream from tha 
other gave tha greatest amount of turbulence for a given 
pressure drop* 

Since there are no facilities available for testing 
tbs altitude performance of a combustion chamber, no attempt 
will be sade to take this requirement into consideration. 
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V. S&XJMTiCM OF THE Gs.«l£l * IKT 



In order to arrive at a suitable design point, a sur- 
vey of severs 1 current so del turbo-jet engines was made. 

Table I lists the design factors for the cosbustion charters 

of these engines* 

The * loading factor* or "combustion intensity factor , * 
ss it is sometimes called, is a parameter originated by the 
British for comparing different combustion chambers* it is 
deflnsd as follows* 

* • ja 

FV 

where q * hsat input in Btu/hr 

f - pressure Inside chaster In atmospheres 
V * volume available for combustion inside basket in 

ti? 

I * loading factor in Ltu/fcr-ft‘ T -at** 

The heat input le computed by multiplying the fuel 
flow rate in pounds per hour by the lower heating value of 
the fuel. The volume available for combustion inside the 
basket is taksn from the fuel injection nozzle to the tur- 
bine entrance* 

It can readily be seen that the combustion intensity 
factor is a good indication of the condi tiona under which 
combustion takes place* For instance, for a given heat in- 
put, the larger the volume available for combustion, the 
greater will be the amount of air available to absorb the 
beat released and, consequently, the lower is the intensity 
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factor. Again, for a given hsat Input and a given volume 
available for combustion , the lower the pressure, the 
•seller will be the ness of sir end the higher ie the temper- 
store rise free* combustion; hence, the combustion intensity 
fee tor will be higher. 

Tabls I. Design Faster* for Combustion Chssbers of Current 

Lodel Turbo-Jet -Begins*.* 
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•» I - loading faster or combustion Intensity factor, 3t« 
per hour per cubie foot per stse sphere , based on 
total volume a Tail able for sombuation and mixing. 

H - Kusber of combustion chambers. 

1 * length in inches from fuel noKsio to end of basket. 

L - Length in inches fros fuel nosalc to turbine entrance. 

Y r - Deference velocity in feet per second, computed using 
maximum cross- sectional area of combustion chamber. 

D - Diameter of basket In inches. 

The British have tried to correlate this ©ombustion 
intensity factor with combustion losses. Stalls no close 
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cerrelation ex lets bet**«n different ao&huetlon ©ba^bera , 
curves of individual chambers show that combustion losses 
increase rapidly with increasing combustion Intensity factor. 
A typical graph of aoabustion losses vs. oorabustion intensity 
factor ic presented in figure Z for the iucas B~37 chamber. 
However, these losses say bs inordinately high since, at sea 
level, values of combustion intensity factor as high as 
9 x 10® are possible with s combustion efficiency of 95 y er 
cent (Hef. £}« 

The reference velocity, v r , is another British para* 
aster. It is used to get a rough cheek on the total leases 
through the oombustion chamber. 'eference 3 shows that in- 
dividual combustion chambers have a pressure leas of fros 
£0 to 30 tiees the velocity head computed for the reference 
velocity. Thus it can be seen that s low value of reference 
velocity should be used in designing a combustion chamber. 

Seme of the design conditions were dictated by the 
air source which would be available to teat the combustion 
chamber when built. This source is from the second stags of 
an Allison V-1710 eaperohergsr and is about three pounds per 
second at 1.6 atmospheres end £ 00 ° F. 

As a result of this surrey and from consideration of 
the air source available for testing, the following design 
point was selected: 

Altitude a sea level 
w » 3 lb/sec 
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*1,6 at»oeph«r*# 
t 4T * 200 ° r or 660° R 
T 5T * 1603° F or I960 0 B 
r r * 100 ft/*«e 
l r * .00 

L/D * b* tw«#n 3 end 6 
1/D « 2 and 3. 
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j&lxm gUmtifr si zsaksMUMx QUmtex 



* fif(ft) 

where T r * reference velocity in ft/ sec 
Jl r * reference Koch number 
* * * speed of ecund in ft/sec * 



A 

»*« 

f»C 



•here T43* * temperature ia ®8 at entrane* to 



s density of air in lb/ft s 

2 density of air in lb/ft' at standard conditions 

* total pressure in lb/ft 2 at entrance to combustion 
chamber 

* ataospherle pressure In lb/ft* at standard 
conditions 

* temperature in °I* at standard conditions 



combustion chamber 




« 100 ft/sec 






09€5 lb/ft 
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where A * an* a. of combustion chamber in ft* 



• £ air flow ia Ib/see 

A s 3 

.0965 X 100 

* .29 ft* 

» * OT 

/ /4 

where * saxiaaiw dl are ter of combustion ciiasber in ft 




» .61 ft s 7.53 in 
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where Sp avt • average specific heat at constant pressure 
in Btu/ib air - 

0^4 * specific heat at constant pressure in 

Stu/lb air -°ft at entrance to cocbuetlon 
ota sab er 

C|,g * specific heat at constant pressure in Stu/lb 
air ~ °H at exit from combustion cheater 

• P .™ * U M S LJ t . .jn 

4S# 

* .256 Btu/lb air • °S 

q * cpave <*5T - ?4T> 

where q » heat required in Btu/lb air 

T - total teaperatwre at combustion chamber exit in 
5T o B 
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q * .256(1960 - 660) 
• 343 8 tu/lb air 



»f 




where wjr • fuel reqo ired In lb/eeo 

l.H.V. % lower heating value of fuel in Ltu/lb 



*f 



344 x 5 
18500 



s .058 lb fuei/eec 
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In order to obtein sufficient eoabuetion in the 
primary cone, there ehou 1 d be a etciehiometrlc cixture of 
fuel end air in this cone. Thus, the fuel-air ratio east 
be .067. 

» * »f 
.067 



where w 



weight of prlaary eir required in Ib/eec 
w * .056 



.067 



« .85 ib/eec 



IslMS 1 st 

vs q 

TT 

where V a voluae available for eoabuetion in ft$ 
q e heat input in Stu/br 
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F * pressure Inside chamber In at®oe*b erea 
I c combustion intensity factor In Btu/hr-f 

V • ,0S6 X 3600 II leiM 

1,6 X 6 X 10® 

- .29 ft 3 

■SmtUariifei ca lams* 

«• shown in Figure 4, the burner is ©ads up of three 
sections — hew i sphere or dose , cylinder, and tall eons. 

Thu a. 



where D a diameter of cylinder in ft 

d s smaller diaaeter of tall ©one in ft 
l,, • length of cylinder in ft 
h * length of tail cone in ft 

Aastralng that D * 6 in * 1/2 ft, d * 4 in • 1/3 ft, 
and h - 5 in * 5/12 ft; 



Vf » % ♦ t VfQ 



where V<j 5 total volume in ft 1 - * .20 ft 2 
Vli a volume of hemisphere in ft» 

* voluae of cylinder in f t 3 
Vfg * volume of tail oone in ft 3 



Then, 




29 * jJM lc * .£€& w JL./a2M ♦ .788 ♦ . .78$ x A 
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Solving for 1 q * 

l c * 1.02 ft * 12.25 In 

Thsn, 

1 * IS ♦ 2.25 

where 1 s length from fuel nozzle to down *t re as end 
of cylinder in inches 

2.25 s length from fuel nozzle to wpstrea® end of 
cylinder in inches 
1 s 12.25 ♦ 2.25 - 14.5 in 

Also, 

L: ltb 

where L * length from fuel nozzle to end of tail cone 
In inches 

L * 14.5 + 5 » 19.5 in 

Then, 

1 a 2.48 and L . 3.25 

l Q 

Since the values of 1/P and I/D are between the de- 
sired valuee of 2 and 5 and 2 to 4 respectively, the diaen- 
sione of the burner basket wsre selected as assumed and 
calculated in the foregoing procedure and may be summarized 
as follows: 

D * 6 in l(j * 18.25 in 

d « 4 in 1 * 14.5 in 



h * 5 in 



L a 19.5 in 
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The problem of introducing the primary air with the 
proper turbulence is th® most important single factor in 
the design of a combustion chamber, according to J. Kerad 
(Taf. 4). *h#n don® prop®rly, a smooth, continuous ignition 
process occurs in th® dome end of the combustion chamber. 

Beat results have been obtained when everything 
possible has been done to product a strong reverse flow in 
the primary cone. This rsvsrse or •back-flow*' produces *n 
•ignition sddy* or "tore,* as it is referred to in Kerad's 
paper. 

To establish the existence of this "tore* beyond any 
doubt, various tests have been carried out with pressure 
probee, along with other teste such as Injecting the fuel 
into the first ring of holes instead of at th® nozzle. 

These tests have proved that the flow is essentially that 
which is shown in Figure 5. 

looking at the end view of Figure 5, it la obvious 
that the eight strong Jets of air impacting at the center 
must produce a substantial axial flow both into and out of 
the plane of the paper. The axial flow which goes forward 
is deflected outward by t*-e dome and emerge® in the rela- 
tively unobstructed areas between the rows of air inlets. 
This air has mixed with fuel and been ignited and now ie 
•hot burning gases. * These gases pass in close proximity 
to the Incoming cold air and part is entrained by it, re- 
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suiting in extretaelj fast preheating of the incoming com* 
buetlon sir* This ha» s very beneficial effect on good 
ignition and smooth combustion. 

-luce it ia deolrable to have this "back- flow* as 
strong as passible* ell the primary sir* except a small 
amount neoesesry for oooling and carbon prevention , will be 
introduced through holes in the basket downstream from the 
fuel nozsle* 

The flow through the combustion chamber is parallel, 
l*a*, the mate of air which enters the combustion cha- her 
through any bole or slot in the burner basket does not in 
turn pass through any other hole or slot on ite way to the 
turbine* and* likewise, the air which travel o through the 
annular path in the tali cone hae not previously passed 
through any hoi# or slot in the basket* Since the flow is 
parallsl, the friction pressure drop through any part of 
the burner must equal that through any other part. Thia 
fact was used in designing the combustion chamber* 

The design of the primary zone was completed as fol- 

lows: 

First, the weight flow through & ring of eight l/£ 
inoh primary holes located 4-1/2 i«ch*o from the noazle 
was determined approximately by the formula: 

* * J* 

where w « air flow through the ring of holes in 
lb/ sec 

Ag * area of the holes in ft s 
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j&z density of air in lb/ft2 

v m velocity of air through holes in ft/sec aid is 
taken as equal to that in the cleararsoo area be- 
tween the liner and the burner basket 
C 0 * orifice coefficient 

C 0 » the orifice coefficient, wee obtained from a 
graph (Ref. 5) after coaputlng Reynold's nuaber and tht 
disaster ratio as follows; 



fcftere Aj * clearance area between basket and burner 
shell st the location of the primary 
holes in ft e 

D 0 g w outside disaster of clearance area in ft 
* inside diameter of clearance area In ft 



— . 33d ft a * _'4 in 

At this point, it is assumed that ,25 lb air/eec 
will base been used previously for cooling and carbon pre- 



*1 - %«*> 




s .069 ft 2 • 12.8 in 2 




there £>^ * disaster in ft of a pip® with area 
equivalent to Aj 




vention. 
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where s velocity in f t/evs through clearance area 
wi z air floe in clearance area in lh/eee 



T r * £73© % 

K a 130 

T * temperature of air * 366.4° K. 

- 170.9 X 1CT 6 ( 39? V366.4 \S/g 

\ 486* 4 y ^ £73 y 

~ £.145 x IQ"* poieea 

- 2. 145 x 10"* x £.09 x 10* 2 ali»g»/ft«see 

Than t K3 . EUif 



where SI? s Reynold 1 e number 

£ » gravitational constant * 32.2 ft/eec^ 



n * s 220 ft/eec 

.0965 x .039 



sy Sutherland* a formula* 




ebere/x,* viscosity ef the air in pci tee 
» 170.9 x ID*' 6 poiaea 
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. 45 *10-0 * se. e 
* .716 x 10* 

-e * f ; k“k l 



wb*r* K b = nu» ber of hoi** In ring 

Dj, * diameter of each hoi* in ft 



A 



t 



.735 x a x 




r .Oil ft 2 * 1.56 In 2 




Then , with the 8* value* of J8& and Dg/*^ and the 
chart of R*f*r*nc* 5* w* find C 0 » .61. 

That, 

w « .0965 x .011 X ZSO X .61 
* .2 lb/He 
t a M 

f 

where Q * air flow through ring of hole* in ftV**c 

<* * -■*&- sr 2.07 ftV»«* 

.0960 

Th* friction preeeure drop waa then calculated by 



th* following fcroula frewa a*fer*na© 6; 
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wb «r«Ar * friction pressure drop in lb/fi 2 

_12 

^ p * .^ass. 






2 X 52.2 
« 147 lb/ft® * 1.02 lb/in 2 



Since this wae considsrsd to be a reasonable value 
fer friction pressure drop, it see selected as the value to 
be used in designing the combustion chamber. 

A s previously stated, it was assumed that .25 lb air/ 
sec had been used for cooling and carbon prevention. It 
wee decided that the air to cool the dome should be intro- 
duced through a ring of eight 5/8-inch holes around the fuel 
nozzle. The air jets through these boles Impinge on slanted 
vanes which givs them a swirling action end direct them onto 
the dome. The pressure drop equation was used to determine 
whether the eight 3/8- inch holes would give the required air 
flow. 




where Q s *ir flow through the eight 3/8-inch holes in 

ftVeoo 

Ag * area of the eight 3/8- inch holes in ft 2 
- area of combustion chamber in ft 2 

4 1 12 J 



0061& ft 2 * .ees in 2 
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A 1 • % 2x|£ 2 s .29 ft 8 « 41.8 in2 

4 T2 




» 1.17 ftVeee or .11 ib/M<s 
This value aeess reasonable sines a portion of the 
•25 lb sir/ssc wust sntsr through an annular slot located 
between ths nose fcesi sphere and the sails of the basket. 

The desired flow through this slot is thsn: 

.25 - .11 * .14 lb/ see or 1.45 ftVeee 
Ths pressure drop equation was used to find the slot 
arsa requ ired to obtain thia flow. Since the t«r« 
jTVu^n ) 2 sill be very nearly equal to 1, the pressure 
drop equation say be used to solve for Ag thus; 




where «g a slot area in fi~ 

q s air flow through the slot in ftV««<* 




= .0076 ft 2 « 1.09 in 2 

The required thickness of the slot is found as 
follows; 



Ap s 'TT jo® * (2 — x)2^| 
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«h«r« D m dieseter of burner basket in inches 
x • clearance in inches 

1.09 sll - (6 - x; 2 | 

x • .11C in 

the slot thickness will then be; 

* * .lie • .058 in m 1/16 in 

3 e 

In order to get the required sir floe for the 
primary section, three rings of eight 1/2-lncb holes eere 
required in the burner basket in addition to the ring of 
eight 3/3-inch holes in the dose end the annular slot. 
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-one 



The weight flour through the primary son® is .85 
lb/ sec. Thie leasee 8.15 Ib/ssc to floe through the second- 
ary cone which Includes cooling louvres, the tali cone 
annulus, and the secondary holes. 



louvres 

Air introduced through the louvres is intended to 
cool the basket and to prevent the formation of carbon. The 
louvres are shaped to deflect the air along the inner sur- 
face of the liner, thus keeping Use velocity high enough to 
sweep away any carbon which eight fore. Three rings of 
eight louvres each trere considered adequate. 
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&acb louvre le 1/S inch long ^,nd 1/16 inch beep. 

This givse *n are* of; 

A *JL * 1 * .0312 l 
16 8 

The area of one ring of eight louvre# Is; 

A s .0312 x 6 c .85 in* 

K©w, assuming an orifice coefficient of .61 , the flow 

/ 

through the louvre# ie a# follows: 



(The term i/J 1 • (Ag/A^(2 has hewn omitted since in all 
oases it Is very nearly equal to 1.) 



Tall Cone nnirulu# 

The flow through the tail cone annulus is necessary 
to cool the inner liner which is in direct contact with the 
hot gases. The film of air need not be very large to ec~ 
cosjplieh this. The 1/16* inch clearance allowed ie in ac- 
cordance with current practice. 





5.332 ft 3 /sec or .032 Ito/teo 
For three rings, the flow will be: 

3 x .032 s .096 lb/sec 



According to Reference ?* the pressure drop across 
the tail cone annulus is given by the following forrula; 
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wbereZli" • friction pressure drop in lb/ft £ - 
14? lb/ft 2 

density of sir in lb/ft^ » .0965 lb/ft3 
f s friction factor 

h s length of tall cone in ft : 5/12 ft 
H • hydraulic radius in ft 
v s average velocity through annular space 
in ft/ sec 

Reference 8 gives the relation between f and 
Reynold*# nuwber , HR. HR, in turn, ie dependent upon v. 
Thus, it can be seen that a cut and try calculation is nec- 
assary to arrive at values of f and v which will satisfy 
the above equation. From Reference 7, 

HR « 4v/ r * 

where/C- vleeoeity in sluge/ft-eec 
h s 

VP 

there A ave * average cross-sectional area in ft** 

* wetted peritceter in ft 



*ave 



.7Ss |T(6.1 



£5) 2 - 6 S J ♦ ((4. 125) 2 ~ **] 



8 



= 1.023 in 8 s .00711 ft 8 
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*P »TT(Cg ♦ x) 

where * inside diaseter of section at in ft 

Dg * outelde dl&aoter of section at A av ^ in ft 



d 2 * 

•00711 



D , 



*12£ 

18 



e 4j|£) J 




« .43 ft 
Dg = .44 ft 

*i *“TT(.43 f . 44 ) • 8.736 ft 

a * aiMi l = .0026 ft 

2.736 

Assuming v • 260 ft/ sec : 

xa * Ju JUBA. JLsgy ft i. ,.■*«« 

.45 x 10" 6 x 32.2 
* 17320 



and f r .042 

Seising for v to check assuasptloa; 



OJ2L 

.0965 



a .a Wa/xe V t 8 
4 Loose ^ 64.4 



v s 242 ft/ sec 

Assuming v « 240 ft/eoc and recalculating; 

Hf * 17320 X g£2 » 13860 
a 50 



arid f 0 
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* • g*gy U£$a. = £$8 ft/eec 
y .043!) 

this check# tne assumed value. Then, 

Q « A ftVe v 

where (* - flow through tall cone annulus in ft^/sec 
t * .00711 x £40 

= 1.707 ft3/e«c or .165 Ib/eec 



Secondary Lolas 

Knowing the flow through the primary eons, the 
louvres, end the tail cone annulus, the weight flow through 
the secondary holes can be obtained. 

.85 lb/seo primary air 
.165 lb/seo tall cone annulus 

1.111 lb/ see total 

Then, the weight flow through the secondary holes is 

5.000 - 1.111 - 1.869 Ib/ssc 

Because of the high velocities in the combustion 
chamber, it was assumed that the air would flow through 
the secondary boles at some angle other than 90°. This 
angle wae taken to bo 45° throughout the secondary cone, 
appendix 4 presents an experiment which was the basis for 
this assumption. 

This angularity of flow necessitates the introduc- 
tion of an effectiveness coefficient, 2*, in addition to 
the orifice coefficient, C©. when calculating flow through 
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a secondary hole. C e is defined as the sine of the sn&le 
of flow. 



0 9 * sin 45° 
s .70? 

to find the flow through a ring of eight E/S- inch 
secondary holes: 



where Q s air flow through ring of holes in ftV»«c 
s number of holts in ring s 6 
Ag * ares of each hole - .00213 ft 2 

Q % * effectiveness coefficient - .?07 
C Q r orifice coefficient * .61 
g • gravitational constant » 32.8 ft/sec 2 
A? ar friction pressure drop » 14? lb/ft 2 

/ Z density of sir * .0966 lb/ft 3 



Similarly, for s ring of eight 11/16-lnch holes 
is £.63 ftVsec or .276 lh/e»c, thus, six rings of 11/16- 
lneh holts and one ring of 6/8-lnch holes will admit the 
1.G59 lb/esc of secondary sir that remains. 




Q 2 6 x .00213 x .707 x .61 




£.89 ftVeee or .221 lb/®ec 
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.11 


lb/e^c holes in hemisphere 


.14 


m 


annular slot 


3 x .2 * .60 


H 


three rings of 1/2-inch holes 


X .276 • 1,67 


m 


six rings of 11/1 6- in oh holes 


.221 


rt 


one ring of 5/8-inch holes 


.165 


Hi 


tall cone annulus 


.056 


if 


louvres 



3*002 lb/ sec total air flow check 
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The primary air should bo introduced far enough 
downstream to insure tbs development of a stron, combustion 
eddy. This is about three-fourths to one diameter from the 
fuel nozzle. 

The secondary air should be first introduced at a 
low rate and then at an increasingly greater rate down- 
stream. This is to prevent chilling of tho flame front and 
the resulting stoppage of the eowbuetioa process. By intro- 
ducing the first pert of the secondary air six to eight 
inches from the fuel nozzle* enough tir.e is all ..wed for the 
combustion to be well along towards cob;* lotion. 

A convenient method for locating the primary and 
secondary holes to satisfy these require* ents is shown in 
Figure 6 in which total area of the openings into the basket 
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la plotted ve. distance fro# the fuel nosile. The curve 
shown In an arc of a circle and la defined a® follows; 

1. Tee center ef the circle Ilea on the vertical 
line through the aero distance point, 

2. One point on the arc ia the area of the opening! 
into the burner basket ahead of the fuel rtozxle, 
i.e. , the area of the eight 3/8-incb hole#. 

Thle area ie plotted at the point of aero dis~ 
lance, 

3. The other point of the ere ia the total area of 
all the opening’s, elate, and louvres in the 
burner basket. This area is plotted at the dis- 
tance at which the last row of secondary holea 
ia desired. 

Re w, by taking the areas of the rings of holes and fitting 
the* to this curve, a satisfactory distribution will auto- 
wstlcally follow. 

This aethod, used Judiciously, should taka such of 
the cut and try out of burner design. 

The cooling louvres can now be placed in spots where 
the boundary layer would otherwise thicken ep and let carbon 
deposits fora. 

Figure 7 shows the final configuration of the combus- 



tion chtmber. 
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Since the flow through the combustion chamber is 
parallel, the pressure drop through any one part Is equal 
to the pressure drop through the entire burner. The fric- 
tion pressure drop, as calculated in the preceding section , 
Is: 

A* z 147 lb/ft 2 or 1.0* Win 2 

i£s ix&taaat 

Having the friction pressure loss in hand, it is now 
neosssary to determine the pressure lose due to combustion 
in order to have the total pressure loss through the burner. 

The assumption is nos cade that the combustion takes 
place in a burner of constant orosa- sectional area and that 
no cease Is added by the fuel. 

In a combustion process, the impulso-noaentua law 
holds. This law states that "is pul so is equal to the change 
in «©*entii».* Written Mathematically, this is: 

Ft s A (t v) 
where F * pounds fore© 
t * time in sec 
1 * pounds mass 
v « velocity in ft/»®e 
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Row, sine# sa»s la assumed constant; 



rt • hav 
F « g&v 



t 



T * * (t 5 ’ V 



where w • weight flow in Ib/seo 

g « ratio of absolute to gravitational unite 

of msss 



Pressure is force per unit area, and einee the burner 
is of constant area. 



wliere P+ 9 * entering etatio pressure in lb/ft 2 
P Ss s exit etatio pressure in lb/ft 8 
A * burner area in ft 8 

In the burner at hand, the known conditions are; en- 
tering total pressure, P^; entering velocity, V 4 ; entering 
total temperature , and exit total temperature, *5f 

In order to obtain pressure drop due to cor. bastion , it la 
necessary to know the theoretical exit total pressure, 

‘ 5t* 

From adiabatic considerations, it Is known that; 
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^inct f/j> » RT 

Khar# P * praaaura in lb/f t~ 
/** dsnslty in Ib/ft 3 
R « £&» constant in ft/°Zl 
T * ts»p#ratur# in 



and Q s w/Js> 

whsrs 4 « toIuo# flow in ft 3 /##c 
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To find static tsaps rate rsss 
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Similarly, T & i« obtained. 

To find Tg? 

AP 4# - AJP 6# * £ (trg - v 4 ) 
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